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Abstract
Background—Inflammatory bowel diseases (IBDs) result from environmental and genetic
factors and are characterized by an imbalanced immune response in the gut and deregulated
activation of the transcription factor NF-κB. Addressing the potential role of gly96/iex-1 in the
regulation of NF-κB in IBD, we used the dextran sodium sulfate (DSS) colitis model in mice in
which the gly96/iex-1 gene had been deleted.

Methods—C57BL/6 mice of gly96/iex-1–/– or gly96/iex-1+/+ genotype were treated continuously
with 4% DSS (5 days) and repeatedly with 2% DSS (28 days) for inducing acute and chronic
colitis, respectively. In addition to clinical and histological exploration, colon organ culture and
bone marrow-derived cells (BMCs) were analyzed for chemo/cytokine expression and NF-κB
activation.

Results—Compared to wildtype littermates, gly96/iex-1–/– mice exhibited an aggravated
phenotype of both acute and chronic colitis, along with a greater loss of body weight and colon
length. Colonic endoscopy revealed a higher degree of hyperemia, edema, and bleeding in gly96/
iex-1–/– mice, and immunohistochemistry detected massive mucosal infiltration of leukocytes and
marked histological changes. The expression of proinflammatory chemoand cytokines was higher
in the colon of DSS-treated gly96/iex-1–/– mice, and the NF-κB activation was enhanced
particularly in the distal colon. In cultured BMCs from gly96/iex-1–/– mice, Pam3Cys4 treatment
induced expression of proinflammatory medi ators to a higher degree than in gly96/iex-1+/+

BMCs, along with greater NF-κB activation.

Conclusions—Based on the observation that genetic ablation of gly96/iex-1 triggers intestinal
inflammation in mice, we demonstrate for the first time that gly96/iex-1 exerts strong
antiinflammatory activity via its NF-κB-counterregulatory effect.
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The transcription factor NF-κB plays a fundamental role in inflammation, cellular stress
control, and cellular survival.1–3 NF-κB controls the expression of antiapoptotic factors and
of many genes encoding proinflammatory mediators such as cytokines, adhesion molecules,
and chemokines. Deregulated NF-κB activity has been implicated in numerous pathological
conditions including malignancies4 and chronic inflammatory disorders, e.g., rheumatoid
arthritis and inflammatory bowel disease (IBD).5–7 Since NF-κB is activated by a large
number of stimuli, tight molecular feedback loops normally prevent sustained cellular
responses and excessive inflammation.

NF-κB-induced expression of the major NF-κB inhibitory protein IκBα plays a fundamental
role acting as a direct feedback inhibitory system, yet other more subtle feedback inhibitors
also exist, i.e., the de-ubiquitinases A20 and CYLD.2,8,9 We have shown previously that the
stress response gene IEX-1,10 also known as DIF-2/IER3, or the mouse homolog gly9611,12

represents an NF-κB target gene and serves as a complex feedback inhibitor of NF-κB at
multiple cellular levels.13,14 The 156 amino acids protein displays no sequence homology
with other human proteins and is highly conserved among vertebrates.10,12,15 Multiple
functional studies reveal that gly96/iex-1 exerts a dual role in cellular growth control and
apoptosis. For example, in epithelial cells, hepatocytes and keratinocytes gly96/iex-1
enhances apoptosis,16–20 whereas in hematological precursor cells and in immune cells
gly96/iex-1 favors cellular survival and differentiation.21–23 Recent studies have shown that
gly96/iex-1 expression is inversely related to the formation of malignant tumors of the
colon,20,24 pancreas,25 and endocrine tissues,26 thus indicating a tumor-suppressive potential
of gly96/iex-1.

Given these complex cellular actions gly96/iex-1 could affect cellular viability through
negative interference with NF-κB activation. To some extent this action relies on the
dampening of IκBα degradation, thereby leading to a reduced nuclear localization of NF-
κB.14–18 Moreover, in a recent study we showed that gly96/iex-1 is also capable of directly
binding to p65/RelA, leading to the inhibition of p65-dependent gene transcription.13 Thus,
gly96/iex-1 is part of a NF-κB/RelA-dependent counterregulatory mechanism that might be
particularly relevant to the control of inflammatory responses. This would probably not
apply to other NF-κB members, i.e., p50/nfkb1, that have been shown to also exert
antiinflammatory activity.27,28

Inflammatory bowel disease (IBD) which manifests as either ulcerative colitis (UC) or
Crohn's disease (CD), is an archetypal chronic inflammatory disorder caused by a complex
interplay of both environmental and genetic factors.29 Aberrant NF-κB activation, probably
caused by exposure to enteric bacteria or genetic alterations, is a hallmark of inflammatory
episodes of IBD.5–7,30,31 IBD is associated with the infiltration of the intestinal lamina
propria by mononuclear cells such as macrophages or lymphocytes that overexpress the
products of NF-κB target genes, including the proinflammatory cytokines tumor necrosis
factor alpha (TNFα), interleukin-1β (IL-1β), and IL-6.32,33

Notably, a comparative analysis of the mucosal gene expression profile in IBD and healthy
individuals identified gly96/iex-1 among the top 10 differentially expressed genes.34 This
observation prompted us to investigate the impact of the genetic ablation of gly96/iex-1 on
murine experimental colitis induced by sodium dextran sulfate (DSS). DSS colitis represents
a useful model for studying cellular and molecular mechanisms characteristic of IBD.35–37
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For this purpose we made use of gly96/iex-1-deficient C57BL/6 mice38 subjected to short-
term and long-term DSS treatment. These treatment regimens induce acute and chronic
inflammation in the colonic mucosa, respectively. As a remarkable result, we show that the
absence of the gly96/iex-1 gene severely aggravates acute as well as chronic inflammation in
DSS-treated mice. These novel findings provide insight into the pathophysiological role of
gly96/iex-1 in in vivo inflammation and emphasize its role in NF-κB counterregulation.

MATERIALS AND METHODS
Animals

gly96/iex-1–/– mice on a C57BL/6 background were used at backcross generation >10.38

Heterozygous parental mice were intercrossed to yield gly96/iex-1–/– and gly96/iex-1+/+

offspring that were used for the experiments upon reaching an age of 9–10 weeks. Animal
experiments were approved by the local committee for animal use. Polymerase chain
reaction (PCR)-genotyping was conducted as described.38

Colitis induction and Determination of Clinical Scores
For acute colitis induction, gly96/iex-1–/– and gly96/iex-1+/+ sex- and age-matched mice
were fed 4% DSS (40 kDa; TdB consultancy; Uppsala, Sweden) dissolved in drinking water
ad libitum for 5 days. Control mice had access to untreated water. Body weight, stool
consistency, and fecal blood loss (Hemoccult test; Beckman Coulter, Krefeld-Fischeln,
Germany) were recorded daily. For induction of chronic colitis, sex- and age-matched mice
were fed 2% DSS for 5 days followed by 5 days of untreated drinking water. This cycle was
repeated 3 times. Animals that lost more than 25% of their initial body weight during the
experiments were sacrificed and excluded from data analysis. A high-resolution mouse
video endoscopy system was used (HOPKINS(r) Optik 64019BA; KARL STORZ
AIDA(tm)VET) and endoscopic scores were obtained as described.39

Histopathological and Immunohistochemical Analyses of Mouse Colon Tissue
Postmortem, the entire colon was excised and a 1-cm segment of the descending colon was
fixed in 4% paraformaldehyde. Paraffin sections were cut and stained with hematoxylin/
eosin. Five colon rings were obtained from each 1-cm colon segment. Histological scoring
was performed in a blinded fashion and displays the combined score (0–6) of inflammatory
cell infiltration and tissue damage as described.40 For immunofluorescence staining,
cryosections were fixed in ice-cold acetone (10 min) followed by sequential incubation with
blocking reagent (Dako, Wiesbaden, Germany) to eliminate nonspecific background
staining. Slides were then incubated (1 h, room temperature) with primary antibodies against
CD3 (1:50, Abcam; Cambridge, UK), Ly6G (1:100, Abcam), and F4/80 (1:100, Santa Cruz;
Heidelberg, Germany). After washing 3 times with phosphate-buffered saline (PBS), slides
were incubated (45 min, room temperature) with Cy3- or FITC-labeled secondary antibodies
(Jackson ImmunoResearch; West Grove, PA). Before examination, nuclei were
counterstained with DAPI.

Colon Organ Culture
A segment of the distal colon was removed, cut open longitudinally, and washed in PBS
containing 100 μg/mL penicillin (Sigma, Deisenhofen, Germany) and 100 μg/mL
streptomycin (Sigma). The colon was then further cut into segments of 1 cm2 and incubated
in 24 flat-bottom well culture plates containing 1 mL fresh RPMI 1640 medium
supplemented with penicillin and streptomycin at 37°C for 24 hours. Culture supernatants
were then harvested and assayed for chemo- and cytokines.
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Isolation of Bone Marrow Cells (BMCs)
Bone marrow was isolated from the tibias and femurs of 8–12-week-old mice, then triturated
using an 18G needle and passed through a 70-μm nylon mesh cell strainer (Becton
Dickinson, Heidelberg, Germany) to make a single cell suspension in DMEM (Biochrom,
Berlin, Germany) supplemented with 10 mM Hepes (Invitrogen, Karlsruhe, Germany).
BMCs were then counted and resuspended in DMEM at 1 × 106 cells/100 μL. Cells were
plated into 12-well plastic cell culture plates at a density of 2 × 106 cells/well in DMEM
containing 2 mM L-glutamine (Invitrogen) and penicillin/ streptomycin. The adherent cells
obtained after 72 hours were checked by F4/80, CD11b staining for the content of
macrophages.

Chemo/cytokine Profiling and Enzyme-linked Immunosorbent Assay (ELISA)
Supernatants from colon organ culture or BMC culture were cleared by centrifugation
(6,000 rpm, 5 min, 4°C). Protein concentration was determined by the Dc-protein assay
(Bio-Rad, Munich, Germany) and the DNA content of BMCs was quantified. For a
qualitative screening for the chemo/cytokine content, colon culture supernatants were
adjusted to equal protein concentration and analyzed using mouse cytokine proteome
profiler arrays (R&D Systems; Wiesbaden, Germany) following the manufacturer's
instructions. Arrays were developed with Super-Signal West Dura solution (Perbio Sciences,
Bonn, Germany), analyzed with the Chemidoc-System (Bio-Rad), and normalized to the
internal array controls. To quantify chemo/cytokine contents, ELISA using commercially
available components (R&D Systems) quantifying murine monocyte chemoattractant
protein-1 (MCP-1/JE), murine keratinocyte-derived chemokine (KC), monokine induced by
γ-interferon (MIG), IL-1β, and IL-6 were performed following the manufacturer's protocols.
Chemo/cytokine concentrations were determined in duplicate and normalized to the protein
content of colon culture supernatants or the DNA concentration of BMCs.

Tissue Homogenization
Frozen tissue specimens from colon segments were homogenized (30 sec, 15,000 rpm) using
the cryogenic grinding ball mill MM400 (Retsch, Haan, Germany) and submitted to RNA or
nuclear extract preparation.

Quantitative RT-PCR
Total RNA was prepared, reverse-transcribed into single-stranded cDNA, and submitted to
SYBR-Green real-time PCR as described.14 IL-6-, KC-, IL-1β-, and MCP-1-primers were
from R&D Systems, and mouse bactin-primers from Lonza (Verviers, Belgium). MIG-
primers 5′-ACTCAGCTCTGCCATGAAGTCCGC-3′ (sense), 5′-
AAAGGCTGCTCTGCCAGGGAAGGC-3′ (antisense) were from Biometra (Göttingen,
Germany). PCR conditions are available on request.

Gel-shift Assays
Nuclear extracts were prepared and quality checked as described previously.41 After
adjusting to equal amount of protein, samples were incubated with a γ32P-labeled NF-κB-
consensus oligonucleotide (Promega, Mannheim, Germany). After 30 minutes incubation at
room temperature, samples were electrophoresed at 100V, 4°C. Gels were dried and exposed
to x-ray Hyperfilm (Amersham, Freiburg, Germany).
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Western Blot
Cytoplasmic or nuclear extracts were submitted to Western blot as described18 using
primary antibodies against IκBα (Santa Cruz, 1:500) or tubulin (Sigma, 1:2000) incubated
overnight at 4°C.

Statistics
Normality of the data was checked by calculating Lilliefors probabilities based on the
Kolmogorov–Smirnov test. Results are expressed as means ± SEM. P-values were
calculated using a multifactorial analysis of variance test and independent t-test. P-values
less than 0.05 were considered statistically significant. Experiments and measurements were
replicated at least 3 times.

RESULTS
Higher Disease Activity in DSS-colitis in gly96/iex-1–/– Mice

For the induction of acute colitis, mice were treated with 4% DSS (orally, p.o.) for 5 days.
Upon DSS treatment, gly96/iex-1-deficient mice exhibited a significantly increased weight
loss compared to gly96/iex-1+/+ mice starting between days 2 and 3 after initiation of DSS
administration (Fig. 1A). After 6 days, these animals had already lost 20% of their body
weight. In contrast, gly96/iex-1+/+ mice exhibited a moderate weight loss only after 6 days
and the extent of weight loss after 7 days (8%) was significantly lower in comparison with
gly96/iex-1–/– mice (23%). The severity of disease was also assessed by colon length (Fig.
1B), which was more reduced in DSS-treated gly96/iex-1–/– mice ( 5.9 cm) compared to
gly96/iex-1+/+ mice (–4.8 cm).

Next, mice were subjected to cyclic treatment with 2% DSS (p.o.) for 4 weeks. Under these
conditions a chronic colitis developed that, again, was more pronounced in gly96/iex-1–/–

mice. As shown in Figure 1C, continuous weight loss occurred more progressively in gly96/
iex-1–/– than in gly96/iex-1+/+ mice, particularly in the 2–3-day intervals after DSS
administration.

At the endpoint after 4 weeks the weight loss was about 20% in gly96/iex-1–/– and 10% in
gly96/iex-1+/+ mice. The colon length (Fig. 1D) was again more reduced in gly96/iex-1–/– (–
3.2 cm) than in gly96/iex-1+/+ mice (–1.8 cm).

Colon Tissue Architecture Is More Severely Altered upon DSS-colitis in gly96/iex-1–/– Mice
While no differences in the macroscopic appearance of the colon were seen under baseline
conditions (Fig. 2A, upper panel), colonic endoscopy confirmed the more aggressive course
of acute colitis in gly96/iex-1–/– mice. As shown in Figure 2A (middle panel), edema,
hyperemia, and bloody erosions became evident in the middle to distal colon of 4% DSS-
treated gly96/iex-1–/– mice, whereas gly96/iex-1+/+ mice exhibited only moderate edema and
hyperemia, and no bloody erosions. Accordingly, the endoscopic scores (Fig. 2B, left panel)
increased in 4% DSS-treated gly96/iex-1–/– mice (median: 14.5) significantly more than in
gly96/iex-1+/+ mice (median: 10.0). Histological examination of fixed tissue from colon
biopsies revealed a marked thickening of the mucosal layer in 4% DSS-treated gly96/
iex-1–/– mice. As shown in Figure 2C, a massive infiltration of leukocytes into the mucosa
and submucosa as well as submucosal edema were seen in the middle to distal colon of
gly96/iex-1–/– mice. Moreover, loss of crypt structure and eroded surface epithelium were
seen in the diseased colons of gly96/iex-1–/– mice. In contrast, 4% DSS-treated gly96/
iex-1+/+ mice showed only moderate leukocytic infiltration, no submucosal edema, and
partial retention of crypt structures and surface epithelium (Fig. 2C). Accordingly, the
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histological score (Fig. 2D, left panel) in 4% DSS-treated gly96/iex-1–/– mice (median: 5.3)
was significantly higher than in gly96/iex-1+/+ mice (median: 4.3).

Colonic endoscopy of animals diseased with chronic colitis (Fig. 2A, lower panel and Fig.
2B) revealed only marginal edema and hyperemia (median endoscopic score: 3.5) in gly96/
iex-1+/+ mice, whereas gly96/iex-1–/– mice exhibited substantial hyperemia and erosions in
the middle to distal colon (median endoscopic score: 10.5). Histological analysis identified a
complete change in colonic tissue architecture in 2% DSS-treated gly96/iex-1–/– mice
characterized by massive leukocyte infiltration penetrating mucosal, submucosal, and
muscular layers, as well as by the entire loss of crypt structures and surface epithelium (Fig.
2C). In gly96/iex-1+/+ mice, infiltrations of leukocytes were moderate and mainly restricted
to the submucosal layer, and crypt structures and surface epithelium were partially retained
(Fig. 2C). In 2% DSS-treated gly96/iex-1–/– mice, the histological score (Fig. 2D, right
panel) was again significantly higher (median: 4.8) than in gly96/iex-1+/+ mice (median:
2.9).

Enhanced Expression of Proinflammatory Chemo/cytokines in gly96/iex-1–/– Mice During
Acute DSS-colitis

Since the markedly higher disease activity in DSS-treated gly96/iex-1–/– mice might relate to
an enhanced expression of NF-κB-dependent inflammatory mediators, short-term culture
supernatants of distal colon tissue from untreated or 4% DSS-treated gly96/iex-1–/– and
gly96/iex-1+/+ mice were analyzed for the secretion of proinflammatory molecules. Using
proteome profiling arrays detecting 36 murine chemo/cytokines, an initial screening
identified MCP-1/JE and KC as being highly upregulated by 4% DSS treatment in gly96/
iex-1–/– mice when compared to gly96/iex-1+/+ mice (Fig. 3A). Other chemo/cytokines were
detected by this screening only at moderate levels or appeared to be similarly expressed. As
shown by a quantitative ELISA (Fig. 3B), significantly higher levels of MCP-1 (1006 ± 390
versus 342 ± 98 pg/mg protein) and KC (695 ± 257 versus 439 ± 195 pg/mg protein) were
detected in the colonic tissue culture from 4% DSS-treated gly96/iex-1–/– mice as compared
with gly96/iex-1+/+ mice. To confirm the greater expression of both proinflammatory
molecules in 4% DSS-treated gly96/iex-1–/– mice, qPCR analysis on RNA samples from
colonic tissue was conducted. As shown in Figure 3C, MCP-1 and KC mRNA levels were
significantly higher in gly96/iex-1–/– than in gly96/iex-1+/+ mice.

Enhanced Expression of Proinflammatory Chemo/cytokines in gly96/iex-1–/– Mice During
Chronic DSS-colitis

An analysis of colonic cultures from animals that developed chronic colitis upon 2% DSS
treatment over 4 weeks identified a broader panel of proinflammatory molecules secreted to
a greater degree in gly96/iex-1–/– mice (Fig. 4A). Among these, MCP-1/JE and KC were
again found to be more abundant in supernatants from gly96/iex-1–/–-mouse colonic tissue,
and IL-6, IL-1β, and MIG were also elevated. As shown in Figure 4B, ELISA confirmed
higher protein levels of MCP-1 (1710 ± 585 versus 1001 ± 406 pg/mg protein), KC (1424 ±
533 versus 903 ± 395 pg/mg protein), IL-6 (2127 ± 926 versus 633 ± 391 pg/mg protein),
protein), MIG (120 ± 65 versus 75 ± 36 pg/mg and IL-1β (71 ± 30 versus 50 ± 39 pg/mg
protein) in 2% DSS-treated gly96/iex-1–/– mice when compared with gly96/iex-1+/+ mice.
qPCR analysis detected a higher induction of MCP-1, KC, IL-6, IL-1β, and MIG mRNA
levels in colonic tissues from 2% DSS-treated gly96/iex-1–/– mice in comparison with gly96/
iex-1+/+ mice (Fig. 4C).
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Activation of NF-κB in Colonic Tissue Is More Pronounced upon DSS Treatment in gly96/
iex-1–/– Mice

In order to confirm an enhanced NF-κB activity in the more severely inflamed colonic tissue
from gly96/iex-1–/– mice, samples of distal, middle, and proximal segments of colon from
untreated or 2% DSS-treated animals were analyzed by gel shift assay using an NF-κB
consensus binding site as radiolabeled probe. As shown in Figure 5A, NF-κB activation
observed in tissue from the proximal colon did not differ between gly96/iex-1–/– and gly96/
iex-1+/+ mice, whereas in middle and distal colonic tissue NF-κB activation was greater in
gly96/iex-1–/– than in gly96/iex-1+/+ mice. This activation pattern fits to distribution of
inflammation as well as to distinct expression levels of DSS-induced MCP1 and KC mRNA
level which are mainly seen in the distal colon (Suppl. Fig. 3D). Additional gel-shift
analyses confirmed the more strongly increased NF-κB activity in distal colon samples from
DSS-treated gly96/iex-1–/– mice (Fig. 5B,C).

Colonic Mucosa of DSS-treated gly96/iex-1–/– Mice is Infiltrated by Increased Numbers of
Macrophages, T-cells, and Neutrophils

To analyze what cell types are contained in the colonic leukocyte infiltrate observed in mice
treated with 2% DSS for 4 weeks, immunohistochemical analyses were performed. As
shown by CD3-immunofluorescence microscopy, T-lymphocytes were moderately
distributed in the colon sections from gly96/iex-1+/+ mice (18 ± 2 cells/view), whereas
CD3+ positive cells were more abundant (35 ± 7 cells/view) in the colon sections from
gly96/iex-1–/– mice (Fig. 6A). Similarly, F4/80- and Ly6G-immunofluorescence staining
(Fig. 6B,C) detected higher numbers of macrophages and neutrophils in the colon sections
from gly96/iex-1–/– mice (37 ± 5 and 17 ± 2 cells/high-power field-view, respectively)
compared to gly96/iex-1+/+ mice (17 ± 2 and 8 ± 1 cells/high-power field-view,
respectively). These data show that the cellular infiltrates in the colonic tissue of DSS-
treated gly96/iex-1–/– mice are composed of T cells as well as of neutrophils, monocytes,
and macrophages, exhibiting not only higher abundance but also a larger area of infiltration.

Induction of Proinflammatory Chemo/cytokines and NF-κB Activation Is Greater in BMCs
from gly96/iex-1–/– than in BMCs from gly96/iex-1+/+ Mice

To verify that ablating the gly96/iex-1 gene affects the expression of proinflammatory
chemo/cytokines in immune cells, BMCs were isolated from gly96/iex-1–/– and gly96/
iex-1+/+ mice and adherent cells were cultured for 72 hours yielding sufficient amounts of
macrophages (>30% F4/80,CD11b-positive). This experimental procedure was chosen to
keep the duration of the experiment short enough to avoid altered apoptosis effects that
could be expected from gly96/iex-1 gene deficiency. As shown by ELISA (Fig. 7A),
treatment of BMCs with the selective TLR2 agonist Pam3Cys4 (200 ng/mL, 24 hours) led to
increased protein level of MCP-1, IL-6, KC, and IL-1b in BMCs of either gly96/iex-1
genotype. Intriguingly, in gly96/iex-1–/– BMCs the protein level of all 4 chemo/cytokines
were significantly higher than in gly96/iex-1+/+ BMCs. qPCR analysis (Fig. 7B) detected
higher mRNA levels of MCP-1, IL-6, KC, and IL-1b in Pam3Cys4 treated (4 hours) and
untreated gly96/iex-1–/– BMCs when compared with gly96/iex-1+/+ BMCs.

Gel-shift assays detected an increased NF-κB activity in Pam3Cys4 treated (1 hour) BMCs
that was higher in gly96/iex-1–/– than in gly96/iex-1+/+ cells (Fig. 7C). Moreover, the
enhanced NF-κB induction in gly96/iex-1–/– BMCs relates to an increased turnover rate of
IκBα (Fig. 7D), an observation in line with the negative interference of gly96/iex-1 with the
degradation of IκBα.18
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DISCUSSION
Our present study demonstrates for the first time that ablation of the early response gene
gly96/iex-1 triggers inflammation in mice in vivo, as shown here through DSS-induced
acute or chronic colitis models. Clinical symptoms upon DSS treatment37 are more severe in
mice if the gly96/iex-1 gene is deleted. The aggravated diseased phenotype reflects many of
the clinical signs of fulminant human IBD, particularly body weight loss, diarrhea, intestinal
bleeding, extended mucosal damage42,43 and alterations of intestinal tissue architecture.
Accordingly, intestinal expression levels of proinflammatory molecules such as the cytokine
IL-6 or the chemokines KC, MCP-1, and MIG were higher in mice with ablated gly96/iex-1
gene—a condition involving the loss of NF-κB counterregulation by gly96/iex-1.13,18

While MCP-1 and KC are clearly upregulated during short-term DSS treatment and are
associated with acute inflammation, the expression of, i.e., IL-6 and MIG is more
pronounced during the course of chronic inflammation, as seen after cyclic 2% DSS
treatment for 4 weeks. MCP-1 and KC, both early target genes of NF-κB,44 are known to be
released initially by the damaged intestinal epithelium45 to attract inflammatory cells such as
macrophages and neu trophils.46 IL-6 and MIG are mainly released by macrophages and are
known to stimulate T-cell-dependent immune responses as seen in chronically inflamed
colon tissues.

Particularly, MIG has been recently shown to mark the transition from acute to chronic
inflammation and to be indispensable for the proinflammatory actions of IFN-γ in CD.47

Thus, the observed upregulation of this cytokine in gly96/iex-1-deficient mice is in line with
the more severe chronic inflammation in these animals and points to the involvement of
IFN-γ-dependent pathways in the aggravated inflammatory response. Moreover, gly96/
iex-1-deficient mice do not show marked differences in the level of antiinflammatory
molecules such as IL-10, indicating that the severe phenotype of DSS-colitis in gly96/iex-1-
deficient mice primarily relies on the forced expression of proinflammatory molecules.

The observation that gly96/iex-1 is obviously involved in the control of intestinal immune
response fits into the recent notion that gly96/iex-1 is expressed at higher levels in the gut
mucosa of inflamed tissue from IBD patients.34 An explanation might be that gly96/iex-1 is
upregulated due to the forced NF-κB induction elicited by an imbalanced immune response.
The observed upregulation under inflammatory conditions may thus represent a futile
attempt to dampen the NF-κB hyperactivation.18,48

As can be appreciated from the results with Pam3Cys4-treated BMCs, the functional loss of
gly96/iex-1 directly affects the responsiveness of mononuclear cells in terms of NF-κB
activation and the release of proinflammatory molecules. Even though lamina propria
macrophages differ from BMCs, these findings provide a first mechanistic insight into the
proinflammatory effect of gly96/iex-1 deficiency in the colon. Thus, it seems very likely that
during the course of DSS-colitis in gly96/iex-1-deficient mice the immune response is much
greater due to the lack of NF-κB counterregulation in macrophages, neutrophils, and
lymphocytes all involved in IBD at various stages.5,49 Particularly, the DSS damage induced
deterioration of the epithelial barrier function might provoke a much stronger initiation of an
inflammatory response in this way, as indicated by the massive elevation of KC and MCP-1
levels in the colon upon short-term DSS treatment. In addition, the decrease of NF-κB
counterregulation due to ablation of gly96/iex-1 gene expression may also affect the DSS
responsiveness of the colonic epithelia themselves which secrete higher levels of
chemokines such as KC and MCP-1, thereby initiating the inflammatory response to DSS
treatment more strongly as compared to wildtype gly96/iex-1-expressing mice. Since gly96/
iex-1 exclusively interacts with p6513 but not with other NF-κB subunits it does not interfere
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with the action of, i.e., p50/p50 homo-dimers, which have been shown to exert
antiinflammatory activity.27,28 Thus, the lack of gly96/iex-1 preferentially augments the
proinflammatory potential of NF-κB (namely, by p65/p50), whereas the antiinflammatory
actions of NF-κB (namely, by p50/p50) remain unaffected. Moreover, the higher activity of
BMCs and the more intense colonic immune response in the absence of gly96/iex-1 favor
the view that gyl96/iex-1 has rather proapoptotic than antiapoptotic activity in mononuclear
cells that would be otherwise more susceptible to cell death and thereby less inflammatory if
gly96/iex-1 had been ablated.

It is also tempting to speculate that gly96/iex-1 deficiency contributes to colorectal
carcinogenesis, as one would expect from recent findings.20–24 The more pronounced
chronic inflammation in gly96/iex-1-deficent mice is accompanied by massive alterations in
the epithelial architecture—a condition that greatly promotes the formation of preneoplastic
lesions.50 Again, the loss of NF-κB counterregulation by gly96/iex-1 would contribute to
inflammation-associated tumorigenesis,4 presumably involving both deregulation of
immune response and higher antiapoptotic protection of the irritated epithelium. It will be
interesting to investigate whether somatic genetic alterations in the gly96/iex-1 gene can be
found in inflammation-induced tumors that may in turn alter its ability to interfere with NF-
κB activity and promote tumorigenesis.
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FIGURE 1.
A more severe course of acute and chronic colitis in DSS-treated gly96/iex-1–/– mice. gly96/
iex-1+/+ and gly96/iex-1–/– mice (male n = 5 and female n = 5 per each genotype and
experiment) were subjected to (A,B) treatment with 4% DSS (p.o.) for 5 days, or (C,D)
cyclic treatment with 2% DSS (p.o.) for 4 weeks. Body weight was measured daily (A) or
each second day (C) and compared to the initial body weight (data are expressed as mean ±
SD of a representative experiment out of 3, *P < 0.05, **P < 0.01, ***P < 0.005). Upon
sacrifice on day 7 (B) or day 28 (D), colon lengths were determined (individual data and the
median of a representative experiment out of 3 are shown, *P < 0.05, **P < 0.01).
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FIGURE 2.
Colon tissue architecture is altered more severely during DSS-induced colitis in gly96/
iex-1–/– mice. Colonic endoscopy (A) was conducted with untreated gly96/iex-1+/+ and
gly96/iex-1–/– mice, with mice treated with 4% DSS for 1 week (coloscopy on day 6, middle
panel) and with mice treated with 2% DSS for 4 weeks (coloscopy on day 25, lower panel).
Endoscopic scores (B) were determined as previously described39 (individual data and the
median of 1 representative experiment out of 3 are shown, ***P < 0.005). Upon sacrifice of
control or DSS-treated animals, paraffin-embedded tissue sections from distal colon samples
were stained with H&E (C) and visualized at 40× magnification (representative images are
shown). Histological scores (D) were determined as previously reported40 (individual data
and the median of a representative experi ment out of 3 are shown; *P < 0.05, ***P <
0.005).
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FIGURE 3.
Enhanced expression of proinflammatory chemo/cytokines in gly96/iex-1–/– mice during
acute DSS colitis. Supernatants of colon tissue kept in culture for 24 hours from 4% DSS-
treated gly96/iex-1+/+ and gly96/iex-1–/– mice were analyzed (A) using proteome profiler
arrays detecting a broad panel of murine chemo- and cytokines. Densitometry (lower panel)
of the developed arrays (upper panel) was conducted to normalize signal intensities to
internal array controls (AC) and for comparison between gly96/iex-1+/+ and gly96/iex-1–/–

mice. ELISA assays (B) were conducted on the supernatants from cultured colonic tissue to
quantify the secretion of MCP-1 and KC in gly96/iex-1+/+ and gly96/iex-1–/– mice (data
represent the mean ± SD from 3 independent experiments). Total RNA from colonic tissues
was submitted to reverse transcription and subsequent qPCR (C) using specific primers
detecting MCP-1 and KC or β-actin as a control. The MCP-1 and KC mRNA levels were
calculated after normalization to β-actin mRNA (data represent the mean ± SD from 3
independent experiments). [Color figure can be viewed in the online issue, which is
available at www.interscience.wiley.com.]
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FIGURE 4.
Enhanced expression of proinflammatory chemo/cytokines in gly96/iex-1–/– mice during
chronic DSS colitis. Supernatants of colon tissue kept in culture for 24 hours from 2% DSS-
treated gly96/iex-1+/+ and gly96/iex-1–/– mice were analyzed (A) using proteome profiler
arrays detecting a broad panel of murine chemo- and cytokines. Densitometry (lower panel)
of the developed arrays (upper panel) was conducted to normalize signal intensities to
internal array controls (AC) and for comparison between gly96/iex-1+/+ and gly96/iex-1–/–

mice. ELISA assays (B) were conducted on the supernatants from cultured colonic tissue to
quantify the secretion of MCP-1, KC, IL-6, IL-1β, and MIG in gly96/iex-1+/+ and gly96/
iex-1–/– mice (data represent the mean ± SD of 3 independent experiments). Total RNA
from colonic tissues was submitted to reverse transcription and subsequent qPCR (C) using
specific primers detecting MCP-1, KC, IL-6, IL-1β, and MIG or β-actin as a control. The
cyto- and chemokine mRNA levels were calculated after normalization to β-actin mRNA
(data represent the mean ± SD of 3 independent experiments). [Color figure can be viewed
in the online issue, which is available at www.interscience.wiley.com.]
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FIGURE 5.
Increased NF-κB activation in the distal colon of gly96/iex-1–/– mice during chronic DSS
colitis. Colon tissue samples from 2% DSS (5 days) treated gly96/iex-1+/+ and gly96/iex-1–/–

mice were used for the preparation of nuclear extracts and subsequent gel shift assays for the
detection of NF-κB activity. (A) Distinct segments of the colon from either 2 (animals 1, 2)
DSS-treated gly96/iex-1+/+ and gly96/iex-1–/– mice were analyzed. (B) Distal colon samples
from 2 untreated and 2 DSS-treated gly96/iex-1+/+ and gly96/iex-1–/– mice were analyzed.
(C) Distal colon samples from 4 additional DSS-treated gly96/iex-1+/+ or gly96/iex-1–/– mice
were analyzed.
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FIGURE 6.
Increased leukocyte infiltrations in the colonic mucosa of DSS-treated gly96/iex-1–/– mice.
Colon tissue samples from 2% DSS-treated gly96/iex-1+/+ and gly96/iex-1–/– mice were used
for anti-CD3, anti-F4/80, and anti-Ly6G immunofluorescence microscopy for the detection
of T-lymphocytes (A), tissue macrophage and monocytes (B), and neutrophils (C). A 40
magnification was used to visualize CD3, F4/80, and Ly6G immunofluorescence staining.
Four representative microscopic fields of all tissue sections (n = 8) were evaluated for the
corresponding positivity count per view (mean ± SD; **P < 0.01, ***P < 0.005).
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FIGURE 7.
Induction of proinflammatory chemo/cytokines and activation of NF-κB is greater in BMCs
from gly96/iex-1–/– than in BMCs from gly96/iex-1+/+ mice. Supernatants (A) of BMCs
from gly96/iex-1+/+ and gly96/iex-1–/– mice kept in culture for 72 hours and then subjected
to Pam3Cys4 treatment (200 ng/mL) for 24 hours or not were submitted to ELISA detecting
MCP-1, IL-6, KC, and IL-1β (data represent the mean ± SD of 4 independent experiments,
*P < 0.05). Total RNA (B) of BMCs from gly96/iex-1+/+ and gly96/iex-1–/– mice kept in
culture for 72 hours and then subjected to Pam3Cys4 treatment (200 ng/mL, 4 h) or not was
submitted to reverse transcription and subsequent qPCR detecting MCP-1, IL-6, KC, and
IL-1β or β-actin as control. The cyto- and chemokine mRNA levels were calculated after
normalization to β-actin mRNA (data represent the mean ± SD of 4 independent
experiments, *P < 0.05). Nuclear extracts (C) from untreated or Pam3Cys4 treated (200 ng/
mL, 1 h) BMCs were submitted to gel shift assay for the detection of NF-κB; a
representative experiment out of 3 is shown. (D) Cytoplasmic extracts from untreated or
Pam3Cys4 treated (200 ng/mL, 30 min) BMCs were submitted to an anti-IκBα Western blot,
and tubulin was detected as a Western blot loading control. A representative experiment out
of 3 is shown. [Color figure can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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